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Extracorporeal  Shock  Wave  Therapy  for  Nonunion 

of  the  Tibia 
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Objectives:  Delayed  and  nonunion  of  the  tibia  are  not  uncommon 
in  orthopaedic  practice.  Multiple  methods  of  treatment  have  been 
developed  with  variable  results.  The  objective  of  this  study  was  to 
define  disease-specific  and  treatment-related  factors  of  prognostic 
significance  in  patients  undergoing  shock  wave  therapy  for 
tibia  nonunion. 

Design:  Retrospective  analysis. 

Patients:  One  hundred  ninety-two  patients  treated  with  extracor¬ 
poreal  shock  wave  therapy  (ESWT)  at  a  single  referral  trauma  center, 
AUVA-Trauma  Center  Meidling.  a  large  single-referral  trauma  center 
located  in  Vienna,  Austria,  in  an  attempt  to  determine  the  feasibility 
and  factors  associated  with  the  use  of  ESWT  in  the  treatment  for  tibia 
nonunion. 

Intervention:  ESWT  coupled  with  posttreatment  immobilization, 
external  fixation,  or  ESWT  alone. 

Main  Outcome  Measures:  Fracture  healing,  overall  healing 
percent,  and  factors  associated  with  ESWT  success  or  failure. 
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Results:  At  the  time  of  last  follow  up,  138  of  172  (80.2%)  patients 
have  demonstrated  complete  fracture  healing.  Mean  time  from  first 
shock  wave  therapy  to  complete  healing  of  the  tibia  nonunion  was 
4.8  ±  4.0  months.  Number  of  orthopaedic  operations  (P  =  0.003). 
shock  wave  treatments  (P  =  0.002),  and  pulses  delivered  (P  =  0.04) 
were  significantly  associated  with  complete  bone  healing.  Patients 
requiring  multiple  (more  than  one)  shock  wave  treatments  versus 
a  single  treatment  had  a  significantly  lower  likelihood  of  fracture 
healing  ( P  =  0.003).  This  may  be  attributable  to  the  finding  that 
a  significantly  greater  proportion  of  patients  with  multiple  rather  than 
single  ESWT  treatments  had  three  or  more  prior  orthopaedic 
procedures  (more  than  one  ESWT,  63.9%  versus  one  ESWT.  23.5%; 
P  <  0.001). 

Conclusions:  ESWT  is  a  feasible  treatment  modality  for  tibia 
nonunion. 

Key  Words:  ESWT,  nonunion,  fracture 
(J  Orthop  Trauma  2010;24:133-141) 

INTRODUCTION 

Nearly  1.5  million  of  the  6  million  fractures  treated  each 
year  in  the  United  States  involve  long  bones,  and  nearly  one 
third  of  these  long  bone  fractures  involve  the  tibia.1  3  A  recent 
meta-analysis  estimated  the  combined  prevalence  of  tibia 
nonunions  at  2.5%  making  it  the  most  frequent  long  bone 
nonunion.4  The  lack  of  surrounding  muscle  on  die  anterior 
medial  boarder  of  the  tibia  is  thought  to  make  it  more 
susceptible  to  nonunion.  Tibia  nonunion,  a  result  of  cessation 
of  periosteal  and  endosteal  healing  without  fracture  bridging, 
contributes  significantly  to  functional  limitations,  treatment- 
related  morbidity,  and  healthcare  costs.  Tibia  nonunions  are 
notoriously  refractory  to  treatment  and  often  require  multiple 
interventions  over  a  period  of  months  to  years.  The  result  is 
a  large  financial  burden  in  both  direct  costs  reflected  by 
hospital  and  trauma  system  resource  consumption  as  well  as 
indirect  personal  costs  of  rehabilitation  and  lost  productivity 
resulting  from  pain,  functional  deficits,  and  immobility.5’6 

The  treatment  of  tibia  nonunion  remains  highly  in¬ 
dividualized,  complex,  and  demanding.  Treatment  options 
depend  on  the  mechanical  and  biologic  nature  of  the  nonunion 
and  include  stabilization  when  indicated,  correction  of 
deformity,  eradication  of  infection,  soft  tissue  coverage,  and 
staged  bone  grafting.7  9  The  prolonged  natural  history  of  tibia 
nonunions  has  engendered  innovative  and  alternative  treat¬ 
ment  approaches,  including  mechanical  and  molecular  inter¬ 
ventions  in  the  form  of  nail  dynamization,  exchange  nailing, 

www.jorthotrauma.com  I  133 


Copyright  ©  Lippincott  Williams  &  Wilkins.  Unauthorized  reproduction  of  this  article  is  prohibited. 


Report  Documentation  Page 

Form  Approved 

OMB  No.  0704-0188 

Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 

VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  OMB  control  number. 

1.  REPORT  DATE 

JUN  2009  2.  REPORT  TYPE 

3.  DATES  COVERED 

00-00-2009  to  00-00-2009 

4.  TITLE  AND  SUBTITLE 

Extracorporeal  Shock  Wave  Therapy  for  Nonunion  of  the  Tibia 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Naval  Medical  Research  Center, 503  Robert  Grant  Avenue, Silver 

Spring, MD, 20910 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

10.  SPONSOR/MONITOR'S  ACRONYM(S) 

11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

14.  ABSTRACT 

15.  SUBJECT  TERMS 

16.  SECURITY  CLASSIFICATION  OF:  17.  LIMITATION  OF 

_ _ _  ABSTRACT 

18.  NUMBER  19a.  NAME  OF 

OF  PAGES  RESPONSIBLE  PERSON 

a.  REPORT  b.  ABSTRACT  c.  THIS  PAGE  Same  OS 

unclassified  unclassified  unclassified  Report  (SAR) 

9 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std  Z39-18 


Elster  el  al 


I  Orthop  Trauma  *  Volume  24,  Number  3,  March  2010 


bone  growth  stimulation  with  electrical  current  and  ultra¬ 
sound,  external  stabilization  with  compression,  bone  grafting 
procedures,  orthobiologic  enhancement  with  recombinant 
osteogenic  proteins,  and  shock  wave  therapy.2,310  17  Applied 
mechanical  stimuli  to  the  nonunion  in  the  form  of  pulsed 
electromagnetic  waves  and  low-intensity  ultrasound  have  shown 
inconsistent  results  despite  obligatory  extended  treatment 
periods,  particularly  with  atrophic  and  infected  nonunions.1*  24 

A  promising  technology,  extracorporeal  shock  wave 
therapy  (ESWT),  has  been  used  to  treat  various  musculoskel¬ 
etal  afflictions,  including  calcific  tendinopathy  of  the  rotator 
cuff,  lateral  epicondilitis,  and  chronic  plantar  fasciopathy.25"33 
Mechanistic  studies  support  a  positive  influence  of  shock 
waves  on  osseous  biology  through  enhanced  biomechanical 
properties  (increased  bone  mass  and  strength)  and  angiogen¬ 
esis  (shock  wave  stimulated  osteoblast  vascular  endothelial 
growth  factor-A  and  ERK-dependent  activation  of  hypoxia- 
induced  factor- 1  alpha)  in  addition  to  augmented  osteogenic 
differentiation  of  mesenchymal  stem  cells  (through  trans¬ 
forming  growth  factor-p- 1  and  superoxide  induced  ERK- 
dependent  activation  of  osteogenic  transcription,  CBFA 1  ).34"39 

Preliminary  clinical  data  suggested  that  biophysical 
stimulation  through  high-energy  shock  wave  therapy  might  be 
a  safe  and  effective  alternative  treatment  for  delayed  and 
nonunion  of  long  bones.40"42  Our  early  experience  with  tibia 
nonunions  demonstrated  a  favorable  response  and  side  effect 
profile  with  ESWT.42  The  current  analysis  is  an  expansion 
of  a  previous  study  and  was  conducted  on  a  larger,  well- 
characterized  patient  cohort  with  tibia  nonunions  that  were 
treated  consecutively  and  followed  at  a  single  institution 
specializing  in  the  treatment  of  long  bone  nonunion  with 
ESWT.42  In  this  study,  we  aim  to  define  disease-specific  and 
treatment-related  factors  of  prognostic  significance  in  patients 
undergoing  shock  wave  therapy  for  tibia  nonunion. 

PATIENTS  AND  METHODS 

General 

This  retrospective  study  analyzed  192  consecutive 
patients  with  tibia  nonunions  treated  at  AUVA-Trauma  Center 
during  the  time  period  December  1998  to  June  2004.  These 
constituted  all  patients  with  nonunions  seen  in  this  center 
during  this  time  period.  The  study  was  approved  by  the 
Institutional  Review  Board  and  written  informed  consent 
provided  by  each  study  participant. 

Clinical  and  Radiologic  Assessment 

Clinical  covariates  investigated  in  this  study  included 
patient  age,  gender,  primary  presentation,  and  involved 
segment  of  tibia.  Fracture  location  was  defined  according  to 
proximal  metaphyseal,  middiaphyseal,  and  distal  third  of 
the  tibia.  Fracture  healing  was  assessed  on  the  basis  of  clinical 
and  radiographic  criteria.  Clinical  assessment  for  nonunion 
included  pain  on  weightbearing,  pain  on  palpation  or  manual 
bending  of  the  fracture  site,  or  mobility  of  the  fracture  site. 
Radiographic  assessment  and  response  to  treatment  was  made 
primarily  with  anterior-posterior  and  lateral  radiographs. 
Radiographs  were  taken  at  a  minimum  on  clinical  presentation 
and  then  at  I,  3,  and  6  months  post-ESWT.  Radiographic 
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variables  assessed  included  callus  presence  and  size,  bony 
trabecular  bridging,  and  progressive  opacification  of  the 
fracture  line.  Successful  healing  outcome  was  determined  by 
re-establishment  of  cortical  continuity  on  three  of  four  cortices 
at  a  minimum.  Computed  tomography  (CT)  was  also  obtained 
for  selected  cases  in  which  plain  radiographs  failed  to  assess 
adequately  the  quality  of  fracture  union.  Those  fractures  that 
demonstrated  insufficient  healing  on  C'T  were  included  in  the 
study.  Subsequent  CT  scans  and/or  stress  radiographs  were 
obtained  when  fracture  healing  was  difficult  to  assess  on  plain 
radiographs,  again  with  successful  healing  determined  by  re¬ 
establishment  of  cortical  continuity  on  at  least  three  of  four 
cortices.  Magnetic  resonance  imaging  was  used  to  evaluate 
suspected  infected  nonunions  to  assess  for  osteomyelitis, 
abscess,  related  sinus  tracts,  and  sequestra.  Magnetic  reso¬ 
nance  imaging  was  not  used  for  assessment  of  bone  healing. 
Routine  laboratory  values  such  as  white  blood  cell  count, 
erythrocyte  sedimentation  rate,  and  C-reactive  protein  were 
used  to  both  determine  the  presence  of  and  assess  the 
adequacy  of  treatment  of  osteomyelitis.  Plain  radiographs  were 
evaluated  by  board-certified  trauma  surgeons,  whereas  CT  and 
magnetic  resonance  imaging  studies  were  evaluated  indepen¬ 
dently  by  board-certified  radiologists  experienced  with 
osseous  pathology  and  radiology. 

Demographics  and  Definitions 

We  categorized  nonunion  based  on  the  date  of  the 
fracture  injury.  Nonunion  was  defined  as  a  fracture  that:  1 )  has 
failed  to  demonstrate  cortical  continuity  on  three  of  four 
cortices  despite  operative  or  nonoperative  intervention  for  6 
months  or  more;  or  2)  showed  no  radiographic  changes  for  3 
consecutive  months  and  was  associated  with  inability  to  bear 
weight  on  the  affected  extremity,  pain  on  palpation,  or  motion 
at  the  fracture  site  6  months  posttrauma. 

This  definition  of  nonunion  was  based  on  not  only  local 
practice  referral  guidelines,  but  also  based  on  review  by  the  US 
Department  of  Health  and  Human  Services  Technology 
Assessment  of  bone  growth-stimulating  devices.44 

Tibia  fractures  were  categorized  as  open  or  closed,  and 
the  etiologic  basis  of  the  nonunion  was  defined  as  fracture 
(nonsurgical  traumatic  disruption  of  the  tibia)  or  osteotomy 
(surgical  division  or  segmental  resection  of  the  tibia).  Frac¬ 
tures  were  characterized  according  to  radiographic  correlates 
of  underlying  biology.45  Hypertrophic  nonunions  were  those 
with  seemingly  viable,  well-perfused  bone  ends  demonstrating 
abundant  callus  formation  but  inadequate  mechanical  stability. 
Atrophic  nonunions  were  those  with  impaired  osseous  biology 
evident  as  diminished  callus  formation  or  osteopenia  on 
radiographs.  Infected  nonunions  were  defined  by  clinical 
presentation  (fever,  open  draining  sinus,  local  erythema, 
edema,  callor),  laboratory  evaluation  (leukocytosis,  elevated 
erythrocyte  sedimentation  rate,  C-reactive  protein,  and 
positive  bacteriology  or  histology),  and/or  radiologic  findings 
(sequestra,  progressive  bone  loss). 

Treatment 

The  majority  of  patients  referred  to  our  institution  for 
tibia  nonunion  had  one  or  more  prior  orthopaedic  operations 
and/or  adequate  immobilization;  hence,  the  population  is 
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referral-based  and  represents  largely  those  with  fractures 
refractory  to  surgical  treatment.  The  principal  aim  of  ESWT 
was  fracture  union  in  anatomic  position  with  restoration  of 
function.  Potential  study  subjects  with  coagulopathy,  non¬ 
unions  in  proximity  to  the  epiphyseal  growth  plate,  malignant 
tumor  in  the  shock  wave  focus,  active  infection  (fever  greater 
than  38°C,  C-reactive  protein  greater  than  5  mg/dL,  white 
blood  cell  count  greater  than  12,000  K/UL),  and/or  pregnancy 
were  not  treated  with  ESWT.  Inclusion  criteria  were  those 
patients  with  tibia  fractures  and  nonunion  referred  to  the 
Trauma  Center  after  failure  of  previous  therapy  based  on  the 
treatment  patterns  of  the  referring  orthopaedic  surgeons. 

ESWT  was  administered  using  the  OssaTron  device 
(High  Medical  Technologies,  Lengwil,  Switzerland).  Treat¬ 
ment  was  administered  under  general  or  regional  anesthesia 
after  operative  intervention  for  the  associated  wound,  in¬ 
fection.  or  fracture  (if  indicated).  Patients  were  positioned  on 
the  operating  table  such  that  the  fracture  line  was  clearly 
visualized  in  the  anterior-posterior  fluoroscopic  projection. 
The  extremity  to  be  treated  was  placed  in  such  a  way  that  the 
ESWT  head  could  be  positioned  to  focus  the  shock  wave  at  the 
fracture  site  with  the  simultaneous  use  of  an  image  intensifier 
(BV  25;  Philips.  Eindhoven,  The  Netherlands).  The  ESWT 
trajectory  was  chosen  to  avoid  nearby  neurovascular  struc- 
nires.  The  focal  point  was  confirmed  to  target  the  fracture  site 
using  fluoroscopy  (Fig.  1 ).  The  total  number  of  pulses  was 
divided  equally  along  the  proximal  and  distal  margins  of  the 
nonunion.  If  shock  wave-altering  implants  was  present  at  the 
fracture  point,  the  shock  wave  direction  was  selected  in  such 
a  way  that  the  implants  did  not  shield  the  energy  from  the 
fracture. 

Fractures  were  treated  with  a  maximum  of  12,000  pulses 
(median.  4000  pulses)  using  a  voltage  of  26  to  28  kV  for 
all  treatments  corresponding  to  an  energy  flux  density  0.38 
to  0.40  mJ/mm2.  Treatment  lasted  approximately  20  to  60 


minutes,  directly  proportional  to  the  pulse  sequences  de¬ 
livered.  ESWT  intensity  applied  was  selected  initially  up  to 
12,000  pulses  with  subsequent  decrease  to  4000  pulses  after 
internal  review  of  outcomes  at  various  pulse  dose  intensities 
and  when  other  preclinical  studies  demonstrated  an  optimal 
treatment  effect  at  a  dose  of  4000  pulses.41 

After  ESWT,  the  limb  was  treated  in  one  of  three  ways: 
immobilization  with  a  plaster  cast  or  plastic  splint  (n  =  174), 
placement  of  an  external  fixator  (n  =  10)  in  cases  in  which  the 
nonunion  had  excessive  mobility  (greater  than  15°  of  angu¬ 
lation  on  active  fluoroscopic  examination),  or  no  additional 
immobilization  given  implant  stability  (n  =  8).  Plastic  splints 
were  chosen  for  multiply  injured  patients  as  well  as  elderly 
patients  because  of  their  lighter  weight  and  greater  comfort. 
The  duration  of  immobilization  (up  to  12  weeks)  was  not 
standardized  and  was  selected  individually  based  on  the 
fracture  location  and  classification,  fracture  gap  and  stability, 
lower  extremity  alignment,  and  presence  of  underlying 
infection.  Patients  without  fracture  mobility  were  treated  with 
either  immobilization  or  partial  to  no  weightbearing  for  3  to 
6  weeks. 

Data 

The  primary  outcome  was  fracture  healing.  Fracture 
healing  was  defined  as  patient  ability  to  bear  full  weight  on  the 
affected  limb,  absence  of  pain  at  the  fracture  site  on  manual 
bending  or  compression,  and  radiographic  re-establishment  of 
cortical  continuity  on  three  of  four  cortices  with  increasing 
bony  trabecular  bridging  the  fracture  site  on  plain  radiographs. 
For  CT  scans,  fracture  healing  was  determined  to  be  successful 
if  trabecular  bridging  of  the  fracture  site  was  seen  in  at  least 
three  of  four  cortices.  Time  to  healing  was  assessed  from  the 
date  of  the  first  ESWT  to  the  date  of  documented  fracture 
healing.  The  length  of  the  follow-up  period  was  calculated 
from  the  time  of  last  orthopaedic  operation  (or  time  of  injury 


FIGURE  1.  Positioning  of  extracor¬ 
poreal  shock  wave  therapy.  Patients 
were  positioned  on  the  operating 
table  such  that  the  fracture  line  was 
clearly  visualized  in  the  anterior- 
posterior  fluoroscopic  projection. 
The  extremity  to  be  treated  was 
placed  to  focus  the  shock  wave  at 
the  fracture  site  with  the  simulta¬ 
neous  use  of  an  image  intensifier. 
The  focal  point  was  confirmed 
to  target  the  fracture  site  using 
fluoroscopy. 


.  Aiming  device  with  two  metal  rings  to  position  the  focus 


The  two  overlapping 
rings  show  the  focus 
In  the  non-union  gap 
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in  those  without  operation)  to  the  date  of  last  follow  up  after 
completion  of  ESWT  to  capture  the  entire  study  period. 

Statistics 

Summary  statistics  were  obtained  using  established 
methods.  Continuous  variable  means  are  reported  with 
standard  deviations.  Associations  between  categorical  factors 
were  studied  using  contingency  table  analysis  (Fisher  exact 
test  [for  small  expected  values]  or  Pearson  x2  test,  as  appro¬ 
priate).  Statistical  comparisons  between  continuous  variables 
were  performed  with  analysis  of  variance.  The  clinical  out¬ 
come  studied  fracture  healing.  Statistical  analysis  was  per¬ 
formed  using  JMP  and  SAS  software  (JMP  and  SAS,  Cary, 
NC).  Significance  was  determined  by  a  P  value  <0.05. 


RESULTS 

Study  Population 

Between  January  1990  and  February  2004,  192  pre¬ 
dominantly  male  (n  =  140)  patients  with  a  tibial  nonunion  after 
fracture  (n  =  185)  or  osteotomy  (n  =  7)  were  referred  to 
Trauma  Center  Meidling.  Mean  age  for  the  study  population 
was  44.6  ±  1 4.4  years  (median,  44  years;  range,  1 6-90  years). 


TABLE  1.  Orthopaedic  Procedures  Performed  Before 

Initiation  and  After  Completion  of  Shock  Wave  Therapy  for 
Delayed  Union  and  Nonunion  of  the  Tibia 

Pre-ESWT  Procedures 

Patients  having  pre-ESWT  orthopaedic  operations  (n  =  175)* 

Fixation 

Miscellaneous  Procedures 

External  fixation 

54 

Angular  correction 

7 

Internal,  intramedullary 

91 

Fibular  osteotomy 

II 

Internal,  extramedullary 

69 

Debridement  of  osteomyelitis 

9 

Casting 

Dynamization 

9 

Plaster  castt 

88 

Myocutancous  free  flap 

8 

Bone  graft 

Solcus  or  gracilis  flap 

4 

Autograft 

41 

Fasciotomy 

3 

Split-lhickncss  skin  graft 

2 

Segmental  bone  transfer 

2 

Vascular  repair 

2 

Concurrent  ESWT  Procedures 

Human  tibial  allograft 

1 

Patients  having  concurrent 

t  procedures  at  the  time  of  ESWT  (n  =  33) 

Dynamization 

11 

Hardware  removal  (external  fixation. 

7 

screw,  wire) 

External  fixation 

4 

Fibular  osteotomy 

8 

Angular  correction 

3 

Plaster  castingt 

116 

Hardware  Present  at  ESWT 

Patients  with  hardware  present  at  time  of  ESWT  (n  -  127) 

Tibial  nail 

73 

Screws 

9 

Plate  and  screws 

30 

Screws  and  cerclage  wire 

4 

External  fixator 

9 

Cerclage  wire 

2 

•Number  of  patients  with  prior  procedures. 

+Not  included  in  procedure  count. 

ESWT,  extracorporeal  shock  wave  therapy. 
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Pathology 

Nearly  two  thirds  of  the  patients  (n  =  120)  had  closed 
nonunions  and  70%  of  all  nonunions  involved  the  mid- 
diaphysis  (proximal  =  20  [10.4%];  midshaft  =  135  [70.3%]; 
distal  =  37  [19.3%]).  Forty  percent  of  the  study  populations 
presented  with  atrophic  nonunions  (atrophic  =  78  [40.6%]; 
hypertrophic  =  73  [38.0%];  infected  =  41  [21.4%]). 

Operative  and  Shock  Wave  Interventions 

Over  90%  (n  =  175)  of  patients  underwent  one  or  more 
orthopaedic  operative  interventions,  including  periods  of 
immobilization  before  focused  shock  wave  therapy  (mean, 
2.4  ±  1.9;  median,  2;  range.  1-10).  These  are  summarized  in 
Table  1. 

Most  patients  had  one  shock  wave  treatment  (n  =  153 
[79.7%]),  29  (15.1%)  had  two,  and  nine  (4.7%)  underwent 
three  treatments.  One  patient  was  treated  on  four  occasions 
with  ESWT.  Mean  total  shock  wave  dose  administered  for  the 
study  population  was  5510  ±  3610  (median,  4000;  range, 
2000-1 2,000)  impulses  at  energy  flux  density  of  0.38  to  0.40 
mJ/mrrr.  Thirty-three  (17.2%)  patients  underwent  subsequent 
orthopaedic  operative  procedures,  primarily  dynamization  (n  = 
11),  hardware  removal  (n  =  7),  or  external  fixation  (n  =  4)  as 
shown  in  Table  1 .  At  final  post-ESWT  follow  up,  28  of  these 
33  (84.8%)  patients  who  underwent  post-ESWT  operative 
procedures  demonstrated  complete  fracture  healing. 

Patient  Follow  Up  and  Fracture  Healing 

Twenty  of  192  patients  have  incomplete  follow-up 
information  and  were  not  included  in  the  subsequent  analysis. 
Hence,  the  study  population  is  based  on  172  patients  with 
complete  treatment  and  follow-up  information  (Table  2). 

At  the  time  of  last  follow  up.  138  of  172  (80.2%) 
patients  have  demonstrated  complete  fracture  healing.  Mean 
time  from  injury  to  first  ESWT  was  16.8  ±  27.9  months.  Mean 
time  from  last  orthopaedic  procedure  to  first  ESWT  was 
10.1  ±  14.0  months.  Mean  time  from  injury  to  last  follow  up 
was  24.7  ±  28.3  months  and  from  last  orthopaedic  procedure 
to  last  clinic  visit  was  17.9  ±  14.7  months.  Importantly,  mean 
time  from  first  shock  wave  therapy  to  complete  healing  of 
the  tibia  nonunion  was  4.8  ±  4.0  months.  Representative 
radiographs  of  two  patients  (atrophic  and  hypertrophic 
nonunions)  treated  with  ESWT  are  shown  in  Figures  2  and  3. 

There  were  no  major  adverse  side  effects  associated 
with  shock  wave  therapy  or  the  subsequent  period  of  immo¬ 
bilization.  Typical  well-established  minimal  treatment-related 
side  effects  were  observed  infrequently  and  appeared  to  be 
dose-related;  local  edema,  cutaneous  petechial  hemorrhage, 
and  subcutaneous  hematoma  (range,  1-5  mm  in  greatest 
dimension).  Local  soft  tissue  edema,  petechiae,  and  hemato¬ 
mas  in  the  treated  field  resolved  spontaneously  without 
incident  within  3  to  7  days.  No  worsening  in  established 
chronic  infection  was  observed  during  ESWT  and  posttreat¬ 
ment  follow  up. 

Analysis  of  Prognostic  Factors  Influencing 
Fracture  Healing 

Number  of  orthopaedic  operations  ( P  =  0.003),  shock 
wave  treatments  (P  =  0.002),  and  pulses  delivered  (P  =  0.04) 
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TABLE  2.  Patient,  Tibia  Fracture,  and  Treatment  Characteristics  (n  =  1 72) 

Characteristic 

Number  =172  Healed  (n  =  138;80.2%) 

Not  Healed  (n  =  34;I9.8%) 

P 

Mean 

44.8  ±  14.5 

45.4  ±  13.7 

0.97* 

Gender 

Male 

122 

96  (78.7%) 

26  (21.3%) 

0.42t 

Female 

50 

42  (84.0%) 

8  (16.0%) 

Tibia  category 

Open 

62 

47  (75.8%) 

15  (24.2%) 

0.28+ 

Closed 

110 

91  (82.7%) 

19  (17.3%) 

Tibia  location 

Proximal 

20 

18  (90.0%) 

2  (10.0%) 

0.347 

Midshaft 

117 

94  (80.3%) 

23  (19.7%) 

Distal 

35 

26  (74.3%) 

9  (25.7%) 

Etiology 

Fracture 

165 

132  (80.0%) 

33  (20.0%) 

0.707 

Osteotomy 

7 

6  (85.7%) 

1  (14.3%) 

Pathology 

Oligo-/atropliic 

72 

56  (77.8%) 

16  (22,2%) 

0.097 

Hypertrophic 

66 

58  (87.9%) 

8  (12.1%) 

Infected 

34 

24  (70.6%) 

10  (19.4%) 

Infection 

Not  present 

138 

1 14  (82.6%) 

24  (17.4%) 

0.137 

Present 

34 

24  (70.6%) 

10  (29.4%) 

No.  prior  orthopaedic  operations 
0 

16 

14  (87.5%) 

4  (12.5%) 

0.0037 

1 

53 

43  (81.1%) 

10  (18.9%) 

2 

48 

45  (93.8%) 

3  (6.2%) 

3+ 

55 

36  (65.5%) 

19  (34.5%) 

Hardware  in  situ  during  ESWT 
Yes 

112 

86  (76.8%) 

26  (23.2%) 

0.117 

No 

60 

52  (86.7%) 

8  (13.3%) 

No.  ESWT  pulses  delivered 

Less  than  4000 

71 

52  (73.2%) 

19  (26.8%) 

0.047 

4000 

53 

48  (90.6%) 

5  (9.4%) 

Greater  than  4000 

48 

38  (79.2%) 

10  (20.8%) 

ESWT  treatments 

1 

136 

117(86.0%) 

19  (14.0%) 

0.0027 

2 

26 

17  (65.4%) 

9  (34.6%) 

3 

9 

4  (44.6%) 

5  (55.6%) 

4 

1 

0 

1 

Number  ESWT 

1 

136 

1 17  (86.0%) 

19  (14.0%) 

<0.0017 

Greater  than  1 

36 

21  (58.3%) 

15  (41.7%) 

Time  from  injury  to  first  ESWT  treatment  (months) 

Mean 

12.7  ±  3.4 

13.4  ±  4.8 

0.87* 

Time  from  last  orthopaedic  intervention  to  first  ESWT  treatment  (months) 

Mean  8,46  ±  1.7 

9.22  ±  2.84 

0.70* 

Time  from  injury  to  last  follow  up  (months) 

Mean 

19.9  ±  3.5 

17.7  ±  5.2 

0.48* 

Time  from  last  orthopaedic  intervention  to  last  follow  up  (months) 
Mean 

15.6  ±  1.75 

18.57  ±  3.68 

0.16* 

•Analysis  of  variance. 

tContingency  table  analysis  (JMP  7.0  statistical  software). 

ESWT,  extracorporeal  shock  wave  therapy. 
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FIGURE  2.  A  54-year-old  diabetic 
woman  with  atrophic  nonunion  after 
a  fall.  Treated  with  one  session  of 
extracorporeal  shock  wave  therapy 
and  casting  for  8  weeks.  (A)  Anterior- 
posterior  (AP)  and  lateral  views  at 
6  months.  (B)  AP  and  lateral  views 
3  months  after  treatment.  (C)  AP 
and  lateral  views  6  months  after 
treatment. 

were  significantly  associated  with  complete  bone  healing 
(Table  2).  The  significantly  lower  likelihood  of  fracture  healing 
in  patients  requiring  multiple  (more  than  one)  shock  wave 
treatments  versus  a  single  treatment  may  be  attributable  to  the 


finding  that  a  significantly  greater  proportion  of  patients  with 
multiple  rather  than  single  ESWT  treatments  had  three  or  more 
prior  orthopaedic  procedures  (more  than  one  ESWT.  63.9% 
versus  one  ESWT,  23.5%;  P  <  0.001 ). 


FIGURE  3.  A  47-year-old  man  with 
hypertrophic  nonunion  after  open 
fracture  from  a  motorcycle  accident. 
Treated  with  one  session  of  extra¬ 
corporeal  shock  wave  therapy 
(ESWT)  and  casting.  (A)  Anterior- 
posterior  (AP)  and  lateral  views  at 
time  of  injury.  Treated  in  external 
fixator.  (B)  AP  and  lateral  views 
9  months  after  injury.  (C)  AP  and 
lateral  views  four  months  after  ESWT. 
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DISCUSSION 

Focused  shock  wave  therapy  has  been  used  since  the 
early  1990s  in  Europe  and  Asia  for  the  treatment  of  nonunions 
with  reported  healing  rates  between  55%  and  80%;  however, 
this  treatment  modality  has  not  gained  widespread  acceptance 
in  the  United  States.25,41  43,45  48  The  current  approach  in 
the  United  States  to  this  challenging  problem  focuses  on 
initial  control  of  infection,  if  present,  followed  by  fracture 
stabilization,  if  indicated,  and  bone  grafting  augmented  by 
recombinant  bone  morphogenic  proteins  or  bone  growth- 
stimulating  devices  such  as  ultrasound  or  electromagnetic 
devices.  ESWT  as  well  as  ultrasound  therapy  and  pulsed 
electromagnetic  field  stimulation  are  modalities  that  deliver 
targeted  physical  energy  to  produce  the  desired  biologic  effect 
of  osseous  healing.  Although  the  exact  mechanism  underlying 
this  mechanotransduction  has  yet  to  be  elucidated  precisely, 
migration  and  differentiation  of  mesenchymal  stem  cells  and 
promotion  of  angiogenesis  are  thought  to  contribute  increased 
bone  mass  and  strength.34”39 

Previous  studies  have  reported  15  years’  worth  of 
clinical  experience  in  Europe  and  Asia  with  ESWT  for  the 
treatment  of  fracture  nonunions.  These  studies  have  been  both 
retrospective  and  prospective  in  design  and  have  included 
anywhere  from  43  to  72  long  bones  treated  with  a  variety 
of  ESWT  devices  and  varying  degrees  of  posttreatment 
immobilization  in  heterogeneous  populations.  In  contrast  to 
studies  reported  using  ultrasound  or  pulsed  electromagnetic 
field  stimulation,  the  patients  in  the  ESWT  studies  under¬ 
went  largely  a  single  ESWT.  The  percentage  of  bony  union, 
assessed  by  a  combination  of  clinical  and/or  radiographic 
findings,  after  ESWT  ranged  from  55%  to  87%.  Our  previ¬ 
ously  reported  pilot  study,  which  included  34  tibia  fracture 
nonunions,  demonstrated  a  healing  rate  of  76%  and  serves  as 
the  basis  for  the  current  study.42 

This  is  the  largest  cohort  of  tibia  nonunions  reported 
to  date  treated  at  a  single  institution.  The  study  was  designed 
to  assess  the  ability  of  ESWT  to  promote  fracture  union 
and  restore  limb  function.  In  addition,  we  have  attempted  to 
elucidate  the  disease  and  treatment-related  factors  of  prog¬ 
nostic  significance  in  patients  undergoing  shock  wave  therapy 
for  nonunion  of  the  tibia.  As  such,  we  suggest  that  focused 
ESWT  followed  by  fracture  immobilization  delivered  in  one 
brief  treatment  session  (median  total  shock  wave  dose  of 4000 
pulses)  in  the  majority  of  patients  is  associated  with  an  80% 
rate  of  nonunion  healing  as  assessed  by  both  clinical  and 
radiographic  means.  These  data  suggest  ESWT  is  both  a  safe 
and  feasible  treatment  modality  for  tibia  nonunion. 

The  study  population  consisted  mainly  of  patients 
with  tibia  nonunion  refractory  to  surgical  treatment  and/or 
immobilization  (ie,  negative  selection  bias).  Median  time  to 
healing  from  last  orthopaedic  operation  was  14  months  with 
a  mean  follow-up  period  of  nearly  16  months.  The  average 
time  to  healing  after  ESWT  was  4.8  months.  Follow  up  did  not 
extend  beyond  documented  nonunion  healing  in  many  cases, 
because  these  patients  were  treated  under  a  Workmen’s 
Compensation  program  and  were  released  once  treatment 
was  completed  and  fracture  healing  and  functional  improve¬ 
ment  documented.  However,  the  follow-up  time  period  in 
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this  study  represents  a  significantly  longer  follow-up  period 
than  previously  reported  in  the  literature  with  the  majority 
of  patients  in  this  study  demonstrating  healing  according 
to  defined  objective  criteria  within  the  first  6  months  of 
shock  wave  treatment.45,49  Despite  the  negative  selection 
bias  inherent  in  the  study  population,  fracture  healing  3  and 
6  months  after  completion  of  shock  wave  therapy  was  67% 
and  80%,  respectively.  Like  with  previously  reported  studies, 
fracture  immobilization  and  stabilization  were  considered  vital 
components  of  post-ESWT  therapy  and  were  incorporated  into 
the  study  treatment  protocol.  Outcomes  were  unrelated  to  both 
the  type  ( P  =  0.60)  and  duration  (P  =  0.32)  of  post-ESWT 
immobilization.  It  is  also  important  to  note  that  although  33 
patients  in  this  series  underwent  concurrent  ESWT  orthopae¬ 
dic  procedures  (eg,  dynamization,  hardware  removal,  external 
fixator  placement),  there  was  no  difference  is  the  rate  of 
healing  in  this  particular  subset  of  patients  ( P  =  0.54). 

The  factors  significantly  associated  with  bony  healing 
were  related  to  number  of  treatment  interventions.  Increasing 
number  of  both  orthopaedic  operations  before  ESWT  as  well 
as  number  of  postinjury  shock  wave  treatments  initiated  after 
failed  operation(s)  correlated  with  failure  of  nonunion  healing. 
Type,  location,  etiology,  and  pathology  of  nonunion  as  well  as 
other  treatment-related  factors  were  not  independently  related 
to  fracture  healing.  Like  with  our  experience  in  treating  soft 
tissue  injuries  with  ESWT,  early  intervention  before  multiple 
treatment  procedures  was  associated  with  greater  therapeutic 
success  than  with  delayed  intervention  with  shock  waves  after 
demonstrated  non-ESWT  therapeutic  futility.  Multiple  prior 
operative  interventions  for  nonunion  correlating  with  de¬ 
creased  success  with  ESWT  likely  relate  to  the  severity  of 
injury  and/or  periosteal  disruption  and  impaired  perfusion 
stemming  from  operative  trauma.  These  findings  suggest  early 
referral  and  treatment  with  ESWT  for  nonunions  may  result  in 
improved  outcome  and  should  serve  as  the  basis  for  future 
controlled  clinical  trials. 

Limitations  of  this  study  include  those  inherent  to 
retrospective,  nonrandom ized  study  designs;  however,  its 
primary  limitation  is  the  lack  of  a  control  group  to  distinguish 
the  effect  of  immobilization  from  the  shock  wave  treatment 
itself.  Related  to  the  retrospective  nature  of  the  study  is  the  loss 
of  20  patients  to  follow  up.  Although  these  patients  were 
demographically  similar  to  the  remaining  1 72  patients,  bias 
can  be  introduced  in  the  analysis  that  may  be  ameliorated  by 
a  prospective  study.  A  further  limitation  of  this,  and  all  studies 
concerning  osseous  nonunion,  is  the  actual  definition  of 
“nonunion.”  Although  not  uniformly  agreed  on,  our  use  of 
the  6-month  criterion  for  defining  nonunion  was  based  on 
several  factors.  The  local  treatment  practice  guidelines  in 
the  standardized  healthcare  system  in  Austria  limit  the  non¬ 
operative  management  of  nonunion  to  6  months,  therefore 
limiting  our  referral  population  to  this  time  point.  In  addition, 
the  6-month  definition  of  nonunion  has  been  adopted  by  some 
regulatory  bodies  and  provides  further  substantiation  of  the 
6-month  defining  threshold  used  by  our  group.44  Finally,  as 
a  result  of  the  nature  of  our  referral  population,  the  antecedent 
treatment  course  was  not  controlled  for  but  followed  national 
standards  of  practice  focused  on  surgical  intervention  and/or 
immobilization  of  the  long-bone  nonunion. 
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In  summary,  we  describe  the  largest  patient  population 
reported  to  date  treated  successfully  with  ESWT  for 
a  representative  group  of  tibia  nonunions.  These  results  were 
achieved  in  most  cases  with  a  single  ESWT  session  coupled 
with  standard-of-practice  fracture  immobilization  techniques. 
Successful  treatment  outcome  (healing  of  the  nonunion)  was 
associated  with  well-defined  inherent  predictive  factors: 
frequency  and  intensity  of  both  orthopedic  and  shock  wave 
treatment.  The  most  promising  results  arising  from  this  study 
involve  the  treatment  of  atrophic  nonunions.  It  is  generally 
accepted  that  atrophic  nonunions  do  not  heal  with  immobi¬ 
lization  alone,  suggesting  that  the  treatment  effect  seen  in  this 
subset  of  patients  is  a  result  of  shock  wave  therapy.46  48  This 
report  adds  to  the  growing  body  of  literature,  suggesting  that 
physical  energy  delivered  in  the  form  of  shock  wave  therapy 
has  a  direct  biologic  effect  in  promoting  tissue  and  bone 
repair. 4,)  53  Mechanistic  studies  are  underway  to  elucidate  this 
effect. 
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